In lumbar spinal stenosis, the classic laminectomy technique utilises extensive stripping of the bilateral paraspinal muscle from the spinous processes, laminae, and facet joints and complete removal of the spinous process and laminae in order to decompress the neural tissues. As a result, the paravertebral muscles lose their insertion and become denervated and the posterior ligamentous complex and posterior neural arch are sacrificed, all of which are associated with significant back muscle atrophy, mechanical back pain, spinal segmental instability, and even failed back surgery syndrome. [1] [2] [3] [4] [5] [6] [7] [8] [9] To overcome these problems, various surgical techniques have been developed. Watanabe et al. 's 10,11) Background: In lumbar spinal stenosis, spinous process-splitting decompression has demonstrated good clinical outcomes with preservation of the posterior ligamentous complex and paraspinal muscles in comparison to conventional laminectomy, but the radiological consequence and clinical impact of the split spinous processes have not been fully understood.
Clinics in Orthopedic Surgery • Vol. 11, No. 1, 2019 • www.ecios.org formed by sagittal splitting of the spinous process and maintains the attachment of the paravertebral muscle insertion demonstrated good clinical outcomes with reduced postoperative wound pain and minimised injury to the paraspinal muscles. Further modifications of the spinous process-splitting technique by other authors have also been reported to produce satisfactory clinical outcomes, with the advantages of reduced postoperative wound pain, faster recovery, reduced fatty infiltration to the multifidus and other paravertebral muscles, reduced iatrogenic spinal segmental instability following laminectomy and other injuries to the paravertebral muscles during surgery in comparison to the conventional posterior spinal approach using periosteal stripping of the paravertebral muscles. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] However, there still exists controversies for the effectiveness of the novel technique. Lee and Lee 21) criticised the effectiveness of the novel approach for adequate decompression, particularly in the area of the lateral recess, reporting their initial experience of 25 cases using this novel technique. Rajasekaran et al., 22) in their randomised controlled study, deferred judgment on whether the novel spinous-splitting decompression technique was superior to the conventional technique. Furthermore, the fate and benefit of the split spinous process is not yet clearly known. The reported union rate of the spinous process shows wide variations, and there are conflicting opinions on whether it heals in a functional shape that provides a stable attachment site for the paravertebral muscles or merely fails to form a union at the spinolaminar junction, resulting in a floated, unattached, spinous process with loss of the lever-arm function as an attachment site for the paravertebral muscles. 10, 14, 16, 21, 23) Such nonunion of the split spinous process was even thought to be associated with persistent postoperative pain or the long-term aggravation of back and leg pain. 20, 21) Within this study, the authors analyzed the union rate and pattern of split spinous processes both between the split spinous process and at the spinolaminar junction, as well as the clinical outcome of patients who underwent decompression for lumbar spinal stenosis via the authors' modified surgical technique based on the spinous process-splitting laminectomy introduced by Watanabe et al. 10) and modified by Nomura et al.
14)

METHODS
A retrospective analysis of 73 consecutive patients who underwent spinous process-splitting decompression for lumbar spinal stenosis between September 2014 and March 2016 was performed according to the STROBE guideline with approval of Institutional Review Board of Seoul National University Hospital (IRB No. H-1609-094-793). Our ethical committee waived the requirement for patients' written informed consent because of the anonymous data collection and the retrospective nature of our study.
Patient Selection and Data Acquisition
The inclusion criteria of this study were as follows: (1) a radiological finding of lumbar spinal canal stenosis, (2) clinical symptoms and neurological signs corresponding to the level of stenosis on magnetic resonance imaging (MRI), and (3) persistence of symptoms for more than 6 months despite conservative management. The exclusion criteria were as follows: (1) definite instability of the lumbar spine (but grade I spondylolisthesis without significant instability was also included), (2) stenosis due to congenital, spondylolytic, iatrogenic causes, (3) symptoms resulting from peripheral arterial disease, and (4) previous surgery to the lumbar spine.
As part of the radiological assessment, plain radiographs showing standing anteroposterior, lateral, and flexion-extension lateral views acquired before surgery and at 24-36 months after surgery were compared to assess spinal instability. To evaluate bony union both (1) between the split spinous processes and (2) at the spinolaminar junction, computed tomography (CT) images were acquired at 6-18 months after surgery. The union rate and pattern were also compared between subgroups divided according to the number of decompressed levels and the extent of the split spinous process; i.e., total splitting as per Watanabe et al. 10) or partial splitting as per Nomura et al. 14) For the clinical assessment, back pain and leg pain were assessed by the 10-point visual analog scale (VAS), Oswestry disability index (ODI), and walking distance without resting both before surgery and at 24-36 months after surgery. Intraoperative blood loss, operation time, and surgical complications were also investigated. All clinical parameters were collected retrospectively from previously assessed electronic medical records.
Data were analyzed using the SPSS ver. 18.0 (SPSS Inc., Chicago, IL, USA). A paired t-test was used to analyze the difference between the preoperative mean scores or values and the postoperative ones. The Mann-Whitney U-test was used to compare nonparametric variables and Pearson chi-square test was used to compare frequencies in the subgroups. The level of statistical significance was defined as a p-value < 0.05 for a two-sided hypothesis. Data are presented as mean and standard deviation. 
Surgical Procedure
The authors' technique for posterior decompression of a lumbar spinal stenosis was performed with the following modification based on the spinous process-splitting laminectomy introduced by Watanabe et al. 10) and modified by Cho et al., 12) Nomura et al., 14) and Hatta et al. 23) As an example of single-level decompression at L4-5, in the prone position, a posterior midline skin incision was made starting from the tip of the L4 spinous process and extending 3-4 cm distally to expose the supraspinous ligament between the L4 and 5 spinous processes. After the sharp division of the supraspinous and interspinous ligaments with a scalpel, the total or distal half of the L4 spinous process was split longitudinally and evenly using an ultrasonic blade (BoneScalpel; Misonix Inc., Farmingdale, NY, USA) (Fig. 1A) . The split part of the spinous process was then detached from the base of the L4 lamina and opened together with the sharply divided supraspinous and interspinous ligaments to expose the distal half of the L4 lamina, leaving the bilateral paraspinal muscles attached to the lateral aspect of the split spinous process and maintaining cortical, or at least periosteal, continuity between the remaining non-split and split parts of each L4 spinous process similar to a greenstick fracture. Retracting the split halves of the spinous process bilaterally, together with the attached paraspinal muscle, allowed us to obtain ample working space for decompression. Decompression was achieved in a partial laminectomy (or bilateral laminotomy) pattern, with partial removal of the distal part of the L4 lamina, the proximal part of the L5 lamina, and undercutting of the bony and ligamentous roof of the bilateral lateral recess until the thecal sac and traversing roots were thoroughly decompressed (Fig. 1B) . Following decompression of the affected nerve roots and the thecal sac, meticulous haemostasis was performed before a drain was inserted. Split L4 spinous processes were reapproximated and sutured together with the split periosteum of the spinous process and the supraspinous and interspinous ligaments, and the wound was then closed layer by layer. For multilevel decompression, the most proximal spinous process was partially split in only the distal half and the next spinous processes were split totally as per Watanabe et al. 10) For example, to decompress L2-3-4-5, the distal half of the L2 spinous process and the total of the L3 and L4 spinous processes were split before a partial laminectomy of each level was performed (Fig. 1B) .
Postoperative Care
Patients were allowed to sit up and walk without a brace or any other lumbar support 1 day after the operation. Patients were discharged after undergoing observation for a day following removal of the drain.
Assessment of Bony Union
The rate and pattern of bony union both between the split spinous processes and at the spinolaminar junction were analyzed using 2-mm slice CT images acquired at 6-18 months after surgery. The observation of bony continuity with no gap between split or detached bones on at least two slices of the index region was considered to represent union, and discontinuity observed in all sections was considered as nonunion. The union pattern was classified into three categories as follows: (1) The L4 spinous process was split longitudinally in the midline and then divided at its base from the L4 posterior arch, leaving the bilateral paraspinal muscles attached to the split spinous process. The supra-and interspinous ligaments between L3-4 and L4-5 were also split longitudinally using a scalpel. The split halves of the spinous process were bilaterally retracted with the Gelpi retractor to obtain ample working space in the L3-4 and L4-5 interlaminar spaces. The affected nerve tissues were successfully decompressed. both between the split spinous processes and at the spinolaminar junction; (2) partial union (floated union of the spinous process): union observed only between the split spinous processes and nonunion at the spinolaminar junction; (3) nonunion: no union observed either between the split spinous processes or at the spinolaminar junction.
RESULTS
A total of 73 patients who underwent posterior lumbar decompression via the split spinous process approach were included in the final analysis. The mean age at the time of operation was 67.7 ± 9.5 years. Thirty-nine patients underwent surgery for single-level disease, 24 for two levels, nine for three levels, and one for four levels (total number of levels, 118). The mean postoperative hospital stay was 3 ± 1.2 days. The mean operation time per patient was 79.7 ± 31.2 minutes, and the mean operation time per level was 53.3 ± 19.4 minutes. The mean estimated blood loss per patient was 145.6 ± 105.3 mL, and the estimated blood loss per level was 92.0 ± 56.9 mL. The mean follow-up period was 33.4 ± 6.1 months (Table 1) . No major morbidity or mortality was observed during the perioperative period and there were no cases of postoperative haematoma or infection. One patient experienced wound dehiscence and slight serosanguineous discharge without evidence of infection at 1 week after surgery; the wound was successfully reclosed. Three cases of pinpoint dural tear were noted during surgery and these were managed with a dural sealant without any subsequent complications. The preoperative mean VAS score for back pain was significantly decreased at 24-36 months after surgery from 4.5 ± 2.1 to 2.8 ± 1.2 (p < 0.001). The VAS score for leg pain was also significantly decreased at 24-36 months after surgery, from 8.0. ± 0.7 to 2.8 ± 1.3 (p < 0.001). The ODI score and walking distance were also significantly improved after surgery (ODI score: from 39.0 ± 7.6 to 19.6 ± 6.7, p < 0.001; walking distance: from 199.6 ± 231.8 m to 885.6 ± 584.3 m, p < 0.001). The postoperative walking distance, in particular, was four times better than the preoperative walking distance (Fig. 2) . Of a total of 118 levels of the split spinous processes, complete union was observed in 61 levels (51.7%), partial union in 51 levels (43.2%), and nonunion in 6 levels (5.1%) (Fig. 3) .
Among the subgroups categorized according to the number of levels decompressed, the rates of union were as follows: for single-level decompression, the complete union rate was 71.8%, the partial union rate was 25.6%, and the nonunion rate was 2.6%; for two-level decompression, the complete union rate was 47.9%, the partial union rate was 47.9%, and the nonunion rate was 4.2%; and for three-level decompression, the complete union rate was 37.0%, the partial union rate was 51.9%, and the nonunion rate was 11.1%. Among the subgroups categorized according to the extent of the split spinous process, the rates of union were as follows: for the partially split spinous process group, the complete union rate was 85.7%, the partial union rate was 14.3%, and the nonunion rate was 0%; for the totally split spinous process group, the complete union rate was 32.9%, the partial union rate was 59.2%, and the nonunion rate was 7.9% ( Table 2 ). None of the cases showed postoperative segmental instability of the lumbar spine at the 24-36 months of follow-up on simple radiography. Table 1 Values are presented as mean ± standard deviation (range). CT: computed tomography.
DISCUSSION
In the current study, the patients reported a markedly reduced disability index score and improved walking distance at 24-36 months of after surgery. Decompression of the lateral recess could be performed effectively with the surgeon standing on one side while undercutting and removing the hypertrophic facets and ligamentum flavum on the opposite side by tilting the operating table, while the use of a surgical microscope can also aid visualisation and illumination (Fig. 4) . A satisfactory amount of decompression using a similar method has been reported to be achievable by other authors after analysing postoperative MRI.
12,17)
Before surgery VAS for back pain In the current consecutive series of 73 cases, all complications including three incidental durotomies and one wound dehiscence occurred in the first 33 cases, and there were none in the final 40 cases. The reported complication rates following spinous process-splitting decompression by other authors are no higher than those of conventional decompression, where the complication rates range from 5% to 15%. 9, 24, 25) Union between the split spinous process was observed in almost all cases (94.9%) and complete restoration of the spinolaminar structure to maintain its lever-arm function as an attachment site of the paravertebral muscles was observed in up to 71.8% of single-level surgery cases and 51.7% of the overall levels in the current study. However, there were no significant differences in the clinical results (paired t-test for postoperative back pain (p = 1.000), ODI (p = 0.223) and walking distance (p = 0.308), MannWhitney U-test for postoperative leg pain (p = 0.545) between patients who obtained complete restoration of the spinolaminar structure at all affected levels and those who obtained a nonunion only or floated spinous process. The trend of a higher rate of complete restoration of the spino- A B laminar structure was observed in single-level decompression cases and in the partially split spinous process group compared to multilevel decompression and in the totally split spinous process group. The rate of complete restoration of the spinolaminar structure was significantly high if the spinous process was split partially following Nomura et al. 's technique, 14) rather than totally following the original technique by Watanabe et al.
10) (85.7% vs. 32.9%). Nomura et al. 14) originally reported a union rate of up to 97.1% between the split spinous process and 82.7% between the spinous base and lamina. They also reported that the floated spinous process, nonunion at the spinolaminar junction, was observed more commonly in cases with spondylolisthesis but that this did not affect the clinical outcome in terms of the Japanese Orthopedic Association score. Considering the relatively high rate of union in Nomura et al. 's report, and as shown in the results of the comparison according to the extent of splitting in the current study, modification of the technique with partial splitting of the spinous process to maintain cortical or periosteal continuity between the split and non-split parts of the spinous process, attached to the remaining spinolaminar structure, is thought to provide a more favourable environment for bony union in terms of stability and a reduction in the gap to be healed. The ultrasonic scalpel is also thought to have provided several advantages for splitting the spinous process since the device is known to allow narrower bone cuts with minimal bone loss and soft tissue injury and reduced thermal injury, bleeding, and operating time. 26, 27) The limitation of this study was that we were unable to establish the long-term effect of the preserved or non-preserved spinolaminar structure and paravertebral muscle attachment, such as segmental instability, recurrent stenosis, and related clinical outcomes due to the relatively short follow-up period. Kakiuchi and Fukushima, 20) in their retrospective study following spinous process-split open-door lumbar laminoplasty patients with a follow-up of more than 10 years, reported that although nonunion of the spinous process did not affect the mid-term clinical results at 2-4 years after surgery, it could have a deleterious effect on the long-term clinical outcomes, such as back and leg pain. Complete restoration of spinolaminar structure, as confirmed, can be achieved with a much higher likelihood when the spinous process is split partially, preserving part of spinolaminar junction during decompression with partial laminectomy, rather than total splitting of the spinous process.
This study provides evidence of the short-term benefits of the spinous process-splitting approach and addresses some of the factors associated with union of the split spinous process. We found that the single-level operation and partial splitting of the spinous process were favourable factors for obtaining complete restoration of the posterior bony structure of the lumbar spine in the spinous process-splitting decompression procedure. Although the short-term clinical outcomes of this procedure were positive, long-term follow-up and a prospective study of this subject should be conducted in the future.
